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Many linked processes occur concurrently in strongly excited semiconductors, such as interband and intraband
absorption, scattering of electrons and holes by the heated lattice, Pauli blocking, bandgap renormalization
and the formation of Mahan excitons. In this work, we disentangle their dynamics and contributions to the
optical response of a ZnO thin film. Using our unique setup for broadband pump-probe ellipsometry, we directly
and unambiguously obtain the real and imaginary part of the transient dielectric function which we compare
with first-principles simulations. The interband and excitonic absorption are partially blocked and screened
by the photo-excited electron occupation of the conduction band and hole occupation of the valence band.
Simultaneously, intra-valence-band transitions occur at sub-picosecond time scales after holes scatter to the
edge of the Brillouin zone. Our results pave new ways for the understanding of non-equilibrium charge-carrier
dynamics in materials by reliably distinguishing between changes in absorption coefficient and refractive index,
thereby separating competing processes. This information will help to overcome the limitations of materials for
high-power optical devices that owe their properties from dynamics in the ultrafast regime.
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Many-body systems under non-equilibrium condi-
tions, caused for instance by photo-excitation, still
challenge the limits of our understanding at micro-
scopic length and ultrashort time scales [1, 2, 3]. Ac-
cessing and controlling emergent states experimentally
constitutes one of the most exciting, but also chal-
lenging, forefronts of contemporary material science
[4]. In addition to advancing the fundamental un-
derstanding of exotic quantum states, e.g., involving
large densities of free charge carriers [5], understanding
such many-body systems supports technological break-
throughs and the development of novel applications in-
cluding high-speed optical switching [6, 7] and com-
puting [8, 9], fast transparent electronics [10, 11], light
harvesting [12, 13], or even new means of propulsion
of space crafts [14]. The implementation of such next-
generation devices requires development of techniques
to probe transient states of matter and control ultra-
fast dynamics of excited electronic systems in solids.
Many experimental and theoretical studies have
aimed to separate fundamental electron-electron and
electron-phonon effects, as well as the role of defect
states in solids [15]. However, due to their complexity,
our understanding of the coupling between fundamen-
tal electronic excitations and the lattice remains vague,
especially directly after strong excitation, i.e. on short
times scales after electron densities as high as 1020cm−3
have been pumped into the conduction band by a fs
laser pulse. As illustrated schematically in Fig. 1, not
only the density of excited charge-carriers (as mostly
probed in luminescence experiments) matters in such
a highly excited regime, but also the excess energy and
the distribution of charge carriers, as well as the tran-
sient electronic band structure. Therefore, the opti-
cally accessible states change rapidly, enabling or pro-
hibiting certain absorption channels, but also changing
other material properties like the index of refraction.
This is especially significant for applications of trans-
parent semiconductors like wide-gap oxides [16].
Experimentally, angular-resolved photo-electron
spectroscopy is one of the most insightful probes
for the dispersion of populated electronic states
[17, 18]. Beyond this, optical spectroscopy accesses
a convolution of joint density of states, electron and
hole populations, and transition matrix elements via
the complex, frequency-dependent dielectric function
(DF). For excited systems, conventional transient
spectroscopy has been performed at different spectral
ranges [19, 20, 21, 22]; time-resolved sum-frequency
generation can be used to probe the dynamics of
electronic transitions after excitation [23]. In general,
a challenge is not only to achieve high time-resolution
but to discriminate different processes triggered by
the excitation [15, 24]. In order to provide this, one
must understand the entire, i.e., spectral and complex-
valued, response of an excited material. This requires
obtaining both, amplitude and phase information, of
a sample’s DF, as encoded in its complex reflection
coefficient r.
Conventional transient spectroscopy yields only am-
plitudes and experimental data is often explained
Figure 1: Hot charge carriers after strong excitation of
ZnO with a UV pump pulse: a,b: Within a few 100 fs af-
ter excitation (violet arrows), scattering between charge carriers
results in the conduction band being occupied by excited elec-
trons (filled circles), and the valence band by holes (open circles)
(a). The thermal distribution (Fermi-Dirac statistics) of the ex-
cited electrons (black) and holes (red) corresponds to effective
temperatures Te, Th of a few 1000 K (b). The quasi Fermi-
energies (dashed lines) are shifted into the bandgap due to the
high temperatures. c,d: Within the first picoseconds, scattering
between charge carriers and phonons as well as recombination
yield cooling and reduction of the density of excited electrons
and holes. Still, charge-carrier temperatures are larger than the
lattice temperature Tl. Black arrows in a and c mark selected
optical transitions which are dynamically blocked (band-band
transitions) or enabled (intra-valence-band transitions).
by changes in the extinction coefficient κ, neglecting
changes of the refractive index n. This approach rep-
resents a challenge for excitation spectroscopy that has
been discussed already in the 80’s [25]. One way to
compensate for the lack of phase information is to
introduce restrictive model assumptions. Alternative
methods are to combine measurements from different
angles of incidence [26, 27, 28] or p- and s-polarization
[29, 30]. However, also these methods are only work-
arounds and cannot directly yield phase information.
An entirely different approach to obtaining the full di-
electric response is time domain measurements of the
electric field of light. However, this is only possible in
the THz regime but not for higher optical frequencies
[31].
In ellipsometry, the angles Ψ and ∆ offer relative,
frequency-dependent amplitude and phase information
for the physical response, rp/rs = tan(Ψ)e
i∆ (where
indices refer to p- and s-polarizations). This provides
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simultaneous access to the real and imaginary part of
the DF ε = ε1 + iε2 = (n + iκ)
2. In this article, we
use pump-probe spectroscopic ellipsometry to obtain
transient DF spectra of photo-excited ZnO with fem-
tosecond time-resolution. With its wide bandgap and
excitons stable at room temperature [32], ZnO is an
ideal testbed for this research. In particular, due to
its strong polarity, the strong electron-phonon coupling
also impacts the exciton dynamics [33, 34].
Our ellipsometric approach based on polarization-
resolved reflectance-difference measurements gives un-
ambiguous access to the time-dependent DF of the
ZnO film after excitation with about 100 fs time resolu-
tion. The experimental results yield information on the
ultrafast dynamics of electron-electron and electron-
phonon processes in this prototype oxide semiconduc-
tor. They are complemented by first-principles sim-
ulations. This allows us to separate Pauli blocking
of absorption channels from bandgap renormalization
(BGR) induced by increased screening of the electron-
electron interaction by photo-excited electrons and
holes. From our analysis we also report the direct ob-
servation of intra-valence-band (IVB) absorption in a
spectral range that is normally transparent in ZnO. Fi-
nally, non-vanishing excitonic absorption enhancement
questions the Mott transition and hints at the existence
of Mahan excitons in photo-excited semiconductors.
Our experiments improve on earlier ellipsometric
pump-probe studies which suffered from shortcomings
such as changing positions of the probe spot on the
sample or stability issues with the femtosecond lasers,
or were performed only at single wavelengths (includ-
ing imaging mode) [35, 36, 37, 38, 39, 40, 41, 42, 43].
Experimental Data
The experiments were performed on a ZnO thin film,
pumped by 266 nm, 35 fs laser pulses that created an
electron-hole pair density of 1020 cm−3. Supercontin-
uum white-light pulses were used as a probe. The
transient ellipsometric angles Ψ and ∆ obtained in the
spectral range 2.0-3.6 eV are shown in Fig. 2. The un-
certainty of the transient changes depends on the wave-
length but is mostly on the order of 0.03◦ for Ψ and
0.2◦ for ∆. See supplemental material for comprehen-
sive error estimation. Data were recorded at delays
up to 2 ns with increasing delay steps but the most
significant response occurs on time-scales shorter than
0.5 ps. The pump-induced effect on the excitonic tran-
sitions around 3.3 eV causes an immediate decrease in
Ψ and an increase in ∆.
From the ellipsometric spectra, we obtain the DF of
the ZnO film for every pump-probe delay ∆t. Figure
3 illustrates the resulting DF ε = ε1 + iε2 at selected
delays. The uncertainty can be estimated to be on the
order of 0.03 for ε1 and 0.02 for ε2, see supplemen-
tal material. At negative ∆t, the obtained DF coin-
cides with the one obtained in standard ellipsometry.
The peak around 3.35 eV comprises the excitonic tran-
sitions (X) and the peak around 3.42 eV is associated
with exciton-phonon complexes (EPC) [33]. There ex-
Figure 2: Time-resolved ellipsometry data: Ellipsometric
angles Ψ (amplitude ratio) and ∆ (phase difference) of the ZnO
thin film after non-resonant UV pump measured at 60◦ angle of
incidence. Increases relative to the initial spectra before excita-
tion (black) are shown in blue, decreases in red. The sketch at
the top illustrates the meaning of the ellipsometric parameters.
ist also further complexes at slightly higher energy.
For small positive ∆t, the absorption at the band
edge and above is strongly damped, as indicated by the
prominent decrease in ε2 (Fig. 3). In particular, the ab-
sorption peaks of exciton and EPC are both bleached
within 400 fs (red and blue symbols in Fig. 4b). This is
accompanied by a reduced refractive index below the
band edge as illustrated by the concomitant drop in
ε1 (Fig. 3). Maximal absorption-suppression is reached
at 0.4 ps and lasts until approx. 1 ps; though we note
that the excitonic enhancement does not completely
vanish at any time, as indicated by the dynamics of
the peak structure in ε2. The subsequent absorption
recovery starts from higher energies, approaching the
fundamental excitonic absorption peak only later. Af-
ter 2 ps both the exciton and EPC absorption peaks
recover with time constants of 3 ps, slowed down after
10-20 ps with a non-exponential evolution (Fig. 4a).
Simultaneously with the arrival of the pump laser
pulse, a broad absorption band opens up in the low-
energy region in the bandgap (Fig. 3). This low-energy
3
Figure 3: Dielectric function at selected delay times: Real (ε1, inset) and imaginary (ε2, parent figure) part of the DF of
the ZnO thin film at pump-probe delays from -10 ps to 2000 ps.
absorption reaches its maximum amplitude at ∆t =
0.2 ps, and then decreases with a time constant of 1 ps.
It vanishes completely after 10 ps, which is when the
above-edge absorption has nearly completely recovered
(black symbols in Fig. 4a,b).
As Fig. 4 c indicates, after an immediate redshift of
the exciton by roughly 20 meV, its energy increases
with a linear rate of approx. 3 meV/ps during the
subsequent first 4 ps (red symbols in Fig. 4 c). The
EPC follows the trend with even larger increase but
without the initial redshift. Another later redshift of
both yields a minimum of exciton and EPC energies
at 100 ps. At 2 ns, the absorption edge remains red-
shifted by approx. 20 meV. Furthermore, it should be
noted that the energetic difference between the exci-
ton and EPC absorption peaks, which had initially
increased by more than 30 meV, approaches its ini-
tial value (50 meV) monotonically until complete re-
laxation has happened after several nanoseconds (green
symbols in Fig. 4 c). Finally, our data shows that the
spectral broadening of the exciton and EPC transi-
tions is reduced as soon as the sample has been ex-
cited (Fig. 3). This reduced broadening remains ap-
proximately constant for at least 2 ns.
Discussion
Separating Physical Processes
Charge carrier excitation by 266 nm (4.67 eV) laser
pulses in ZnO involves optical transitions from the
heavy-hole, light-hole and split-off valence-bands (VB)
into the conduction band (CB) in the vicinity of the
Γ point, as illustrated by the violet arrows in Fig. 1a.
The excited electrons carry excess energies of almost
1 eV, the excited holes only about 0.4 eV because of
their larger effective mass. The initial occupation of
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Figure 4: Transient changes of absorption features: Evo-
lution of absorption amplitude (a, b) and peak energy (c) of the
exciton transition (red, X) and exciton-phonon complex (blue,
EPC) as obtained from the maxima of ε2 (cf. Fig. 3). Black sym-
bols in (a, b) depict the integrated value of ε2 in the spectral
range 2.0 eV to 3.1 eV for different delay intervals (IVB). The
green symbols in (c) show the spectral difference between X and
EPC which is related to an effective phonon energy Eph. Its
equilibrium value of about 50 meV [33] is indicated by the dotted
line. Solid lines indicate exponential processes with their time
constants. d: comparison of computed (red) and experimen-
tal (black) ε2 at maximum change. In the inset, the computed
IVB absorption is enhanced 10x for better display of the spectral
dependence.
electron and hole states due to the pump pulse is
sharply peaked and non-thermal. It takes a few hun-
4
dred femtoseconds until a Fermi-Dirac distribution is
established as sketched in Fig. 1a and b. This excited
state is referred to as hot charge-carriers. Estimated
effective temperatures for the electrons, holes and lat-
tice in this state are reported in Table 1. Initial ther-
malization is provided mainly through carrier-carrier
scattering and partially through carrier-phonon scat-
tering [15, 24, 44, 45, 46]. The immediate effect of
this process on the optical response spectra is three-
fold: First, the occupation of the states leads to (par-
tial) Pauli blocking (band filling) and hence the ob-
served absorption bleaching of the band-to-band and
excitonic transitions. Additionally, the excitonic ab-
sorption enhancement and binding energy are reduced
by free-carrier screening. The related reduction of the
refractive index in the visible spectral range results
from the Kramers-Kronig relations. Second, due to
the flatness of the valence bands, excited holes have
enough excess energy to scatter towards the edge of the
Brillouin zone (Fig. 1a) and thus promote IVB transi-
tions which are observed as low-energy absorption as
can be present in a strongly doped p-type semiconduc-
tor [47, 48]. Third, the high density of photo-excited
charge carriers results in BGR as seen by the redshift
of the exciton energy. Additionally, the excited carriers
screen a static electric field in the film that otherwise
arises from Fermi-level pinning at the surface caused
e.g. by donor-like oxygen vacancies [49]. While the ob-
served steady-state broadening of the excitons is caused
by the related band bending, the charge carriers reduce
it by removing the band bending. At large delay times,
the vacancies are still passivated by trapped electrons
at the surface, thus keeping the excitonic peaks nar-
row. Deeply trapped holes can remain for microseconds
[50]. We also note that this effect is strongly connected
to the nature of the polar (c-plane oriented) thin film,
which behaves similar to a broad quantum well with in-
corporated static electric field [51]. We did not observe
the exciton narrowing in a non-polar m-plane oriented
ZnO film.
Analysis of the transients yields insights into individ-
ual dynamics: Charge-carrier thermalization is slightly
faster for holes (200 fs) than for electrons (400 fs) be-
cause of their lower excess energy. This is observed
in the experiment by a slightly shorter rise time until
maximum response for the IVB absorption compared
to the exciton bleaching (cf. Fig. 4b). The subsequent
fast decay of the IVB absorption is a consequence of
the hole occupation far from the Γ point. Hence, its
1/e decay time of 1 ps reflects mainly the hole cooling
by scattering with phonons. This process is also ex-
pected to be more effective for holes than for electrons
due to their higher effective mass [24].
A reduction of the total number of excited charge
carriers (mostly Auger and defect recombination [52])
is observed by the vanishing BGR within the first
picoseconds (cf. exciton peak energy in Fig. 4 c).
The transient dynamics of the absorption bleaching
(Fig. 4a,b), however, is governed by the decrease of
electron and hole temperatures: Initially, electrons
have much higher excess energy and hence higher effec-
Table 1: Statistics of the electron, hole, and lattice sub-
systems: Immediately after charge-carrier thermalization fol-
lowing a pump laser pulse with 4.67 eV to excite 1020 cm−3
electron-hole pairs in the ZnO thin film. The increase of Tl
after complete equilibration is estimated to 50 K at most. See
supplementary information for details.
temperature quasi Fermi-energy
electrons Te = 7000 K E
e
F − ECB < −660 meV
holes Th = 2800 K EVB − EhF < −260 meV
lattice Tl = 300 K
tive temperature than holes (Tab. 1). Over time, they
approach each other, resulting in the situation sketched
in Fig. 1 c,d. It is known that the carrier cooling occurs
mainly by scattering with optical phonons [24, 53, 54].
The underlying electron-LO-phonon (Fro¨hlich) interac-
tion is generally very fast in polar materials, for ZnO
it is characterized by scattering rates on the order
of 1014 Hz [55]. Hence, cooling of the charge-carriers
should take only ≈0.5 ps [24]. However, here, the high
excess energy of the charge carriers causes an extraordi-
narily large population of LO phonon states upon scat-
tering, and thus an intermediately non-thermal phonon
distribution as sketched in Fig. 5. A lattice tempera-
ture is not even well defined at this state. These ex-
cess phonons slow down the electron relaxation through
phonon re-absorption by the charge carriers, result-
ing in the plateau-like transient during the first 2 ps
where the relaxation is delayed ( Fig. 4a, blue and red
symbols). This is referred to as hot-phonon effect as
been observed earlier [24, 44, 56]. It should be noted
also that we see that the return of the EPC absorp-
tion (vanishing Pauli blocking) starts earlier than for
the excitons themselves because the occupation of elec-
tronic states at higher energies decreases earlier than
the occupation states closer to the Γ point. Finally, the
non-thermal phonon distribution is also observed by
the increased energetic splitting between exciton and
EPC ( Fig. 4 c, green symbols): The effective absorp-
tion peak of the EPC at 3.42 eV is expected to involve
several phonons with an effective energy Eph on the
order of 30 meV resulting in about 50 meV splitting
[33]. The absorption and re-emission of many opti-
cal phonons by the crystal apparently increases the in-
teraction probability of (high-energy) optical phonons
with excitons while (low-energy) acoustic phonons are
effectively suppressed, i.e. Eph increases. After more
than 2 ps the charge carriers have largely cooled down,
and the number of non-thermal phonons has reached
a maximum (see difference of exciton and EPC peak,
Fig. 4 c).
In this picosecond regime, we expect the recovery of
the exciton and EPC absorption to result from the re-
duction of the excited carrier density, mainly by non-
radiative Auger recombination [52]. We find an ini-
tial time constant of 3 ps (Fig. 4a). At later times
with lower remaining carrier densities, slower radiative
electron-hole recombination becomes dominant. The
observed overshooting of the exciton amplitude at later
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time is related to the reduced exciton broadening as
discussed above. Equilibration with the lattice can
be estimated to be accomplished approx. 100 ps after
the excitation when the exciton energy reaches another
minimum (see Fig. 4 c, red symbols) that indicates the
highest achieved lattice temperature and thus bandgap
shrinkage [57]. Assuming a deposited energy density of
100 J/cm3 by the pump pulse, a maximum temperature
increase of 30-50 K can be expected. If transferred en-
tirely to the lattice, this would correspond to a bandgap
decrease of approx. 25-30 meV at most. This matches
the experimental observation. The following slow (ap-
prox. 2 µeV/ps) heat dissipation lasts until at least
10 ns.
Interpretation
To complement our experimental results, we use first-
principles electronic-structure calculations to explain
the different effects near the band edge (see details
in the methods section and the supplemental informa-
tion): i) Many-body perturbation theory is used to de-
scribe excitonic effects. It includes additional screening
and Pauli blocking due to the high density of electrons
in the conduction and holes in the valence band at 0 K
temperature. ii) The high effective temperatures of
excited electrons and holes are taken into account via
Fermi-distributed occupation numbers in the absorp-
tion spectrum of non-interacting electron-hole pairs.
When comparing theoretical computations to the ex-
perimental results, it is important to note that our
method, in contrast to previous pump-probe experi-
ments, allows unambiguous distinction between effects
of changed absorption and changed refractive index.
A comparison with the experimental data in Fig. 4d
shows, that the observed reduction of the exciton ab-
sorption is only about half of what is expected from the
calculations. An increased number of free charge carri-
ers is known to have two opposing effects on the band-
edge absorption: While the exciton is screened and
should shift toward higher energies due to a reduced
binding energy, the bandgap shrinks due to renormal-
ization. Both compensate each other in a good approx-
imation, such that the absolute exciton energy remains
constant [58, 59, 60, 61]. However, when surpassing the
so called Mott transition, excitons should cease to ex-
ist, and BGR should take over. That could explain
the initial redshift (Fig. 4 c) which has been observed
earlier [28, 61, 62]. Nevertheless we find that the exci-
tonic absorption peak does not vanish entirely at any
time. That reflects the difference between an equili-
brated system and hot charge carriers: In the case of
doping ZnO by 1020 cm−3 excess electrons, a Burstein-
Moss blueshift of the absorption edge of approximately
370 meV can be estimated from band-structures and
band dispersions computed using density-functional-
theory. It is clear that this does not apply to a hot
electron-hole plasma where no strong blueshift is ob-
served [25, 61, 62]. Also BGR, which should generally
not depend on temperature [63], was found slightly less
efficient for hot charge carriers [60]. Hence, due to the
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Figure 5: Simplified distribution of non-thermal (though
hot) phonons after charge-carrier relaxation: The strong
electron-LO-phonon interaction during cooling of the charge car-
riers yields a non-thermal occupation of optical phonons (gray) in
contrast to the occupation of, mostly acoustic, thermal phonons
(blue) which follows a Bose-Einstein-distribution (red dashed
line) before excitation and after lattice relaxation. The phonon
density-of-states is taken from [68].
widely-distributed hot carriers, it is possible that the
Mott transition does not happen despite the fact that
the total density of excited charge carriers is well be-
yond the classical threshold [64]. According to [65], the
fraction of photo-excited charge carriers bound to exci-
tons is rather small, not exceeding 15%. In this respect,
the non-vanishing exciton absorption peaks could indi-
cate that the occupation of the exciton ground-state
would never exceed the Mott density even if 1020 cm−3
electron-hole pairs are excited. Albeit largely screened
and broadened, electron-hole coupling has indeed been
observed to sustain the apparent Mott transition as
so called Mahan excitons [60, 66, 67]. Recently, nar-
row exciton-like peaks have been observed well above
the Mott transition in highly doped GaN [5]. In con-
clusion, the remaining absorption peaks that we ob-
serve in our experiment are likely to be Mahan excitons
[66]. While they were originally studied in degenerately
doped semiconductors, our photo-excitation generates
at the same time electrons in the conduction band and
holes in the valence band.
The obvious explanation for photo-induced absorp-
tion at lower photon energies would be free carriers
[69]. However, two Drude terms to describe free elec-
trons and holes with the known densities and reason-
able effective masses and mobilities cannot mimic the
shape of the dispersion of the DF very well. Further-
more, there are indications of a maximum of ε2 around
1.9 eV and 2.1 eV (cf. Fig. 3) hinting at IVB transi-
tion at the M point. In a recent report, similar ab-
sorption features, induced by lower pump power and
at much longer time scales, were attributed to defect
states [50]; however, defects cannot explain the large
absorption cross sections (ε2) that we observe. A com-
parison between experimental and first-principles data
for ∆(ε2) in Fig. 4d (inset) shows good agreement in
the line shape of measured and calculated spectral fea-
tures. The sub-gap energy-range between 2 and 3 eV is
dominated by contributions from IVB transitions that
become allowed in the presence of free holes. The com-
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putational results do not account for phonon-assisted
processes, which likely explains why the computational
data underestimates the experiment at these energies.
Conduction-conduction band transitions do not signifi-
cantly contribute in this energy range. The appearance
of the low-energy absorption indicates that the spectral
weight of absorption is transferred from the fundamen-
tal absorption edge to lower energies because the total
number of charge carriers remains constant, which is
known as the sum rule [70].
Conclusion
The development of fs-time-resolved spectroscopic el-
lipsometry allows unambiguous determination of the
complex, frequency-dependent dielectric function with
sub-ps temporal resolution in a wide spectral range. It
is hence a unique tool to study the dynamics of elec-
tronic systems in solids that beats conventional tran-
sient spectroscopy in several areas. Investigating a
UV-pumped ZnO thin film, we were able to discrimi-
nate different processes of the non-equilibrium charge-
carrier dynamics of this strongly photo-degenerate
semiconductor. In contrast to previous experiments,
we are able to exclude mis-interpretations by mixing
effects of changed absorption and refractive index. We
observe partial blocking and screening of near-band-
edge and exciton absorption due to occupation of the
electronic states. A non-vanishing excitonic absorp-
tion enhancement hints at the occurrence of Mahan
excitons. Furthermore, intra-valence-band transitions
become possible when holes scatter to the edges of the
Brillouin zone, their fast response time renders them
interesting for optoelectronic switching devices. Fi-
nally, there is evidence for hot-phonon effects, from
both a delayed charge-carrier relaxation and an in-
crease in the exciton-phonon-complex energy. The de-
scribed dynamics are crucially dependent on the pump
wavelength and hence the excess energy obtained by
the carriers which determines their effective tempera-
ture. From our data we can also conclude that the high
density of hot charge carriers does not trigger the Mott
transition. The survival of the excitonic absorption re-
flects directly the non-equilibrium distribution of the
highly excited charge carriers. These results stimulate
a demand for the development of new theories describ-
ing high-density exciton systems beyond the present
state.
Methods
We used a c-plane oriented ZnO thin film grown by pulsed laser
deposition on a fused silica substrate. The film thickness of 30 nm
is sufficient to maintain bulk properties. Only a very slight exci-
tonic enhancement due to the confinement in the thin layer is ex-
pected [M1] . At the same time 30 nm is thin enough to assume
homogeneous excitation by a 266 nm pump pulse (500 µJ/cm2,
35 fs pulse duration). We therefore do not need to consider the
ambipolar diffusion of hot charge carriers. We estimate the ex-
cited electron-hole pair density to approx. 1 × 1020 cm−3. The
experiment is performed at room temperature.
Time-resolved spectroscopic ellipsometry
We employ time-resolved spectroscopic ellipsometry in a
pump-probe scheme. An amplified Ti:Sapphire laser (Coherent
Astrella: 35 fs, 800 nm, 1 kHz repetition rate) is used to generate
its third harmonic as pump and continuum white-light in a CaF2
crystal as probe beam. In a Polarizer-Sample-Compensator-
Analyzer configuration, we measure the transient reflectance-
difference signal (∆R/R)j at 60
◦ angle of incidence for a series
of different azimuth angles αj of the compensator. The polarizer
and analyzer are kept fixed at ±45◦. The probe spot had a 1/e2
diameter of 200 µm, the pump spot 400µm (40◦, s-polarized)
such that lateral carrier diffusion becomes negligible. The cor-
responding temporal and spectral bandwidths are estimated to
100 fs and 5 nm in the UV, respectively. Spectra were captured
using a prism spectrometer and a kHz-readout CCD camera
(Ing.-Bu¨ro Stresing). Most critical is the fluctuating probe spec-
trum and amplitude due to the CaF2 crystal movement as well as
warm-up effects at the CCD camera. Both occur mostly on time
scales larger than a few milliseconds. A two-chopper scheme in
the pump and probe paths is employed which allows us to obtain
a wavelength-dependent live-correction for the pump-probe as
well as only-probe intensity spectra. The obtained reflectance-
difference spectra are applied to reference spectra in order to
obtain the time-resolved ellipsometric parameters. In order to
minimize chirping of the probe pulse, polarization optics con-
sist of a thin, broadband wire grid-polarizer (Thorlabs) before
the sample. The probe beam is focused by a spherical mirror.
Reflected light is analyzed by an achromatic quarter-wave plate
and Glan-type prism (both B. Halle Nachfolger). We obtain
transient reflectance data by scanning of the delay line at var-
ious compensator azimuth angles. The transient ellipsometric
parameters are computed from the reflectance-difference spec-
tra. The remaining chirp (few 100 fs difference between 2.0 eV
and 3.6 eV - corresponding to roughly 3 mm dispersive material)
induced by the CaF2 as well as the support of the wire grid po-
larizer [29] is removed retroactively by shifting the zero-delay in
the data analysis using an even polynomial for its wavelength
dependence. Further details can be found in the supplementary
information.
Modeling of the ellipsometry data to obtain the material’s
DF is performed using a transfer matrix formalism [M2] with
the DF of ZnO parametrized by a Kramers-Kronig consistent
B-spline function [M3] . In the model, the film is assumed
to be isotropic because the experimental configuration is mostly
sensitive to the DF for ordinary polarization [M4] . The model
is fitted to the Mueller matrix elements N, C, S accounting for
spectral bandwidth and depolarization. The number of spline
nodes was minimized in order to capture all spectral features
but avoid overfitting and artificial oscillations [M5] . See
supplemental material for error estimation based on Monte-Carlo
simulations.
First-principles simulations of excited electron-hole
pairs at finite temperature
We use first-principles simulations based on many-body per-
turbation theory to study the influence of electron-hole excita-
tions on the optical properties of ZnO. To this end, we compute
Kohn-Sham states and energies within density functional theory
(DFT) [M6, M7] and use these to solve the Bethe-Salpeter
equation (BSE) for the optical polarization function [M8] .
All DFT calculations are carried out using the Vienna Ab-Initio
Simulation Package [M9, M10, M11] (VASP) and the compu-
tational parameters described in Refs. [M12, M13] . All BSE
calculations are performed using the implementation described
in Refs. [M14, M15] .
As illustrated in Fig. 1, we compute the dielectric function as
the sum of valence-conduction-band transitions εVBCB
DFT(N,T )
(E),
transitions from lower valence bands into excited hole states near
the valence-band maximum εIVB
DFT(N,T )
(E), and transitions from
excited electron states near the conduction-band minimum into
higher conduction bands εICB
DFT(N,T )
(E), all depending on tem-
perature T and density of excited electrons/holes N :
ε (N,T,E) ≈ εVBCBDFT(N,T )(E) + εIVBDFT(N,T )(E)
+ εICBDFT(N,T )(E) + ∆εexc(N,E) (1)
To compute these three contributions, we use the independent-
particle approximation, based on ground-state electronic struc-
ture and optical dipole matrix elements, and account for temper-
ature and excitation-density dependence by means of Fermi occu-
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pation numbers of electrons and holes. Thus, Burstein-Moss shift
(BMS) due to Pauli blocking is automatically included in this de-
scription. In addition, we use the model given by Berggren and
Sernelius [M16, M17] for doped systems at zero temperature
to include the effect of bandgap renormalization (BGR). BGR
arises as a many-body effect due to free charge-carriers in the op-
tically excited state and leads to a reduction of the bandgap that
we include when computing εVBCB
DFT(N,T )
(E). For a charge-carrier
density of 1020 cm−1 by n-type doping, about 300 meV shrink-
age is assumed [M18] . When accounting for excitonic effects
in the presence of high-temperature carriers, Fermi-distributed
occupation numbers of electrons and holes need to be included
also in the solution of the Bethe-Salpeter equation of many-body
perturbation theory. However, this turns the eigenvalue problem
for the excitonic Hamiltonian into a generalized eigenvalue prob-
lem [M19] . Here, we avoid this complication and increase in
computational cost and, instead, approximate excitonic effects
using the zero temperature difference ∆εexc(N,E),
∆εexc(N,E) = εBSE(N)(E)− εDFT(N)(E). (2)
Here, εBSE(N)(E) is the dielectric function with excitonic ef-
fects and εDFT(N)(E) is the corresponding independent-particle
dielectric function. While this approach neglects the influ-
ence of temperature on excitonic effects, both εBSE(N)(E) and
εDFT(N)(E) include BGR and BMS.
To compute εBSE(N)(E), we extend the framework described
in detail in Refs. [M20, M21, M22] to describe excited elec-
trons (e) and holes (h) at a temperature of zero K. Here, the
lowest conduction band states are occupied with free electrons
of density N , and the highest valence states with holes of the
same density N . Hence, transitions between these states are ex-
cluded. This is described in our framework via occupation num-
bers of otherwise unchanged single-particle Kohn-Sham states
when computing the BSE Hamiltonian. Finally, our framework
accounts for electronic interband screening of the electron-hole
interaction in the BSE Hamiltonian, using the static dielec-
tric constant obtained in independent-particle approximation,
εeff=4.4 . In addition, as discussed earlier for doped ZnO [M20]
, excited carriers modify the electron-hole interaction by con-
tributing intraband screening. We approximate this contribution
using the small-wave-vector limit of a static, wave-vector (q) de-
pendent Lindhard dielectric function, which, in the presence of
free electrons and holes becomes [M20, M21, M22]
εintra(q) ≈ 1 +
q2TF,e
q2
+
q2TF,h
q2
, (3)
with the Thomas-Fermi (TF) wave vectors
qTF,e/h =
√√√√ 3Ne2
2ε0εeffE˜
e/h
F
. (4)
The relative Fermi energies of electrons and holes, E˜
e/h
F ,
E˜
e/h
F =
~2
2me/h
(
3pi2N
)2/3
, (5)
refer to the conduction-band minimum and valence-band maxi-
mum, E˜eF = E
e
F−ECB and E˜hF = EVB−EhF, respectively. Eq. (3)
then becomes
εintra(q) = 1 +
1
q2
3Ne2
2ε0εeff
(
2 (me +mh)
~2
1
(3pi2N)2/3
)
. (6)
Effective electron and hole masses are parametrized using
parabolic fits to our first-principles band-structure data, lead-
ing to me=0.3m0. For the hole effective mass in Eq. (6) we use
the geometric average of the masses of the three degenerate up-
permost valence bands, i.e. mh=0.62m0. This approach is valid
for zero temperature of the free carriers and its implementation
in our BSE code [M20] allows us to compute the dielectric
function, including excitonic effects, as a function of free-charge-
carrier concentration N .
Finally, to compare with experimental pump-probe data, we
compute and visualize the difference
∆ε = ε(N,T,E)− εBSE(N=0)(T =0 K, E). (7)
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I. Experimental setup
A schematic of the setup for femtosecond time-resolved spectroscopic ellipsometry is shown in figure S1. The
fundamental mode of the titanium sapphire laser Ti:Sa is used for third harmonic generation THG (266 nm),
employed as pump beam and guided through the chopper wheel C1 (f1 = 250 Hz) to the delay line DL and
focussed (lens L) onto the sample. 1% of the laser power is used for supercontinuum white-light generation
SCG in CaF2 employed as probe beam which passes through the chopper wheel C2 (f2 = 500 Hz) and is
focussed onto the sample S by a spherical mirror through the polarizer P. The reflected light is collimated (lens
L) and guided via compensator C and analyzer A to the prism spectrometer with CCD detector. We refer also
to reference [S1].
Figure S1: Schematic of the femtosecond time-resolved spectroscopic ellipsometry setup. See also [S1].
i
II. Measurement scheme and data reduction
In contrast to sapphire, calcium fluoride-based white light generation offers more UV intensity up to 3.6 eV, but
the crystal needs to be moved during creation of continuum white light in order to protect the crystal from heat
damage. This movement and CCD warm-up yield fluctuating intensity spectra. The situation is very different
from any other ellipsometer where the light source is stable at least over the time of a complete revolution of
the rotating element. We circumvent the problem by applying a two-chopper scheme as depicted in Fig. S2.
Repeatedly, four different intensity signals, ”pump & probe” (S1), ”pump only” (S2), ”probe only” (S3), and
”dark” (S4) are measured. Hence, at any time, background- or even luminescence-corrected ”pump & probe”
(Rpj (E) ≡ IS1 − IS2) as well as ”probe only” (R0j (E) ≡ IS3 − IS4) spectra are obtained for each compensator
angle αj . However, they are still subject to intensity fluctuations as can be seen in Fig. S3.
a b
Figure S2: a Visualization of the two-chopper scheme. b Example of a set of measured intensity spectra at ∆t = 400 fs and
compensator azimuth angle 100◦.
Figure S3: Spectra of the ellipsometric parameters Ψ, ∆ obtained from all ”probe only” reflectance measurements (R0) obtained
during a delay line scan. The green line indicates the average and the red line shows reference spectra obtained with a commercial
ellipsometer. Note that these spectra are only shown as a benchmark. They are prone to offsets and modulations arising from
long-term changes in the whitelight spectra or intensities. The oscillatory shape of those errors originates from the quarterwave
plate. For the time-resolved ellipsometry, the reflectance difference signal is evaluated instead. These are robust against long-term
changes.
Evaluating only the reflectance-difference spectra (∆R(E)/R(E))j = (R
p
j (E) − R0j (E))/R0j (E) ≡ (IS1 −
IS2)/(IS3− IS4)− 1 is comparable to a multi-channel lock-in system and allows comparison of spectra measured
long time after each other. Furthermore, it minimizes systematic errors from polarization uncertainties.
In order to compute the ellipsometric angles we utilize Moore-Penrose pseudo-inversion (ordinary least-squares
regression) in a Mu¨ller matrix formalism for each photon energy and delay time [S2]: The Mu¨ller matrix of the
sample in isotropic or pseudo-isotropic configuration is given as
ii
Msample =

M11 M12 0 0
M12 M11 0 0
0 0 M33 M34
0 0 −M34 M33
 (S1)
= M11

1 −N 0 0
−N 1 0 0
0 0 C S
0 0 −S C
 = M11

1 − cos(2Ψ) 0 0
− cos(2Ψ) 1 0 0
0 0 sin(2Ψ) cos(∆) sin(2Ψ) sin(∆)
0 0 − sin(2Ψ) sin(∆) sin(2Ψ) cos(∆)
 .
For each compensator angle αj , the Mu¨ller matrix M
det,j shall represent a respectively oriented compensator
followed by an polarizer (analyzer) as in the experiment. Likewise, Mprep shall represent the Mu¨ller matrix
of a polarizer at the angle of the polarizer in the experiment. Having measured N different configurations
(compensator angles) j = 1 . . . N , we can introduce a 4×N setup coefficient matrix Mˆsetup. Its jth column can
be written as
Mˆ jsetup =

Mdet,j11 M
prep
11 +M
det,j
12 M
prep
21
−Mdet,j11 Mprep21 −Mdet,j12 Mprep11
Mdet,j13 M
prep
31 +M
det,j
14 M
prep
41
Mdet,j13 M
prep
41 −Mdet,j14 Mprep31
 . (S2)
With the row vector ~R containing the N intensity values Rj for each compensator angle αj , it holds
M11 (1, N,C, S) = ~RMˆ
T
setup(MˆsetupMˆ
T
setup)
−1 . (S3)
Instead of using the ”pump & probe” intensity spectra Rpj (E), the reflectance difference signal (∆R(E)/R(E))j
is applied to ideal (theoretical) intensity spectra of the unexcited sample R00j (E) which are computed from
reference ellipsometry spectra. Hence, Rj = R
00
j (1 + (∆R/R)j).
In a final step, the Mu¨ller matrix elements can be transferred to ellipsometric angles and the degree of
polarization (DOP ):
Ψ =
1
2
tan−1
(√
C2 + S2
N
)
, (S4)
∆ = tan−1
(
S
C
)
, (S5)
DOP =
√
N2 + C2 + S2 , (S6)
requiring Ψ ∈ [0◦, 90◦] and ∆ ∈ (90◦, 270◦) if C < 0, ∆ ∈ (0◦, 90◦) ∪ (270◦, 360◦) if C > 0. It should be noted
that Ψ and ∆ are to first order unaffected by depolarization, i.e., the above equations intrinsically involve only
the non-depolarizing part of the Mu¨ller matrix. Depolarization results in M22 6= M11 = 1 in contrast to Eq. S1.
However, as in the experimental configuration the input polarization was chosen to be linear at azimuth angle
±45◦, M22 is not probed and thus depolarization does not affect the data reduction. The non-depolarizing
Mueller matrix is obtained by replacing (N,C, S) by (N,C, S)/DOP .
The ellipsometric parameters Ψ and ∆ are defined by the ellipsometric ratio
ρ =
rp
rs
= tan Ψei∆. (S7)
where rs,p are the complex reflection coefficients for s/p-polarized light.
In the experiments, the compensator was rotated in 10 steps of 50◦. The polarizer was set at −45◦, the
analyzer at +45◦. Each spectrum was averaged over 500 pulses.
Finally, the obtained data reveal an imprinted chirp of the white light, i.e. propagation through the CaF2
window and the support of the wiregrid polarizers caused light of longer wavelength to arrive earlier at the
sample than light of shorter wavelength. This is illustrated in Fig. S4. An even polynomial function is used to
describe this chirp and adjust the zero delay for each photon energy. Data is interpolated accordingly.
As described in the article, the obtained Mu¨ller matrix spectra N(E), C(E), S(E) were modeled by means of
transfer matrix calculations based on a model for a 30 nm ZnO film on fused silica substrate. While the optical
constants (DF) of the substrate are kept constant along all delay times, the DF of the ZnO film is individually
described by a B-spline function which is fitted to match the experimental Mu¨ller matrix spectra. Example
spectra are shown in Fig. S5.
iii
Figure S4: Experimentally obtained Mu¨ller matrix elements N , C, S during the first picoseconds. Top row: Data as obtained from
the experiment with clear indication of the chirped whitelight pulse. Black curves show the polynomial function used to describe
the true delay zero. Bottom row: Data after chirp correction by adjusting the zero positions for each photon energy.
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Figure S5: Example modeling of the obtained Mu¨ller matrix spectra N(E), C(E), S(E) for pump-probe delay -7 ps (black) and
200 fs (blue). The respective B-Spline DFs are shown at the right panel (ε1 dashed, ε2 solid lines).
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III. Error estimation
In order to estimate the errors of our ellipsometric parameters and obtained DF, different error sources need
to be considered. For the transient experiment, the most critical limitation in order to observe pump-induced
changes is the quality of the reflectance-difference raw signal. In order to estimate the error in ∆R/R, we show
the measured data at negative delays in Fig. S6. On average, the deviation is smaller than ±0.003 between 2
and 3.4 eV. However, it is clear that the data quality drops for large photon energies where less or no whitelight
is generated (3.6 eV marking approximately the maximum) as well as for lower photon energies where a filter
blocked the generating laser at 1.55 eV (1.8 eV being the current minimum energy for acceptable data).
Figure S6: Uncertainty of the measured ∆R/R signal for the first 10 delays set in the experiment. All 100 spectra (all 10
compensator angles) correspond to negative delays and were obtained more than 500fs before the pump pulse arrived. Thick black
lines illustrate ± the mean of the absolute values in order estimate the average maximum deviation from 0.
The obtained error bars for ∆R/R (thick black lines in Fig. S6) are the basis for Monte-Carlo simulations we
performed in order to estimate the largest possible error in N , C, S, Ψ, ∆. Those ellipsometric parameters can
also be represented as so called pseudo dielectric-function < ε > which would correspond to the material’s DF
in case of a semi-infinite, isotropic sample with perfect surface. It holds
< ε >= sin2(AOI)
(
1 +
(
tan(AOI)
1− ρ
1 + ρ
)2)
, (S8)
where AOI is angle of incidence and ρ = tan(Ψ) e−i∆. The estimated error of < ε > can hold as a first
approximation for the error of the DF that we obtain for our film by modeling with the B-spline function.
Monte-Carlo simulations of our data reduction accounting for the uncertainties in ∆R/R result in statistical
errors for the ellipsometric parameters shown in Fig. S7. The shown standard deviations mark the limits of our
experimental setup in terms of sensitivity to pump-probe induced changes.
As a maximum-possible-error estimation of the systematic error, we performed the same Monte-Carlo simula-
tions with assumed uncertainties for the azimuth angles of polarizers and compensator, as well as the retardance
of the compensator. All those errors can arise from slight mis-alignment. Additionally, the used reference el-
lipsometry data might have an error which we did not consider here. The results are shown in Fig. S8 where
the input uncertainties are given in the caption. As mentioned, this is an estimate for the largest possible
error that might result from experimental imperfections. Especially the assumed max. 10% uncertainty of the
compensator retardance are a worst-case scenario.
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Figure S7: Statistical uncertainty arising from the uncertainty of ∆R/R as standard deviation obtained by Monte-Carlo simula-
tions. These errors define the quality of the experiment.
Figure S8: Maximum total error given as standard deviation calculated by taking into account the uncertainty of ∆R/R, an
angle uncertainty of 0.5◦ for the polarizer, 1◦ for the analyzer and 0.55◦ for the compensator, as well as 10% uncertainty of the
compensator retardance. Statistics obtained by means of Monte-Carlo simulations.
vi
IV. General sample characterization
Time-resolved photoluminescence (PL) spectroscopy conducted with a streak camera reveals information on the
temporal evolution of the occupation of electronic states. The sample was optically excited with 4.67 eV pulses of
a frequency-tripled Ti:Sapphire laser (3 MHz,150 fs,1 nJ). Figure S9 a shows the transient photoluminescence at
the absorption edge of ZnO (3.28 eV), which is much less intense compared to the defect luminescence centered
at 2.4 eV. This hints at the defect-rich crystal growth induced by the amorphous SiO2 substrate. The ratio of
near-band-edge to defect-related luminescence is not constant over the sample surface.
We model the transient UV-PL (Fig. S9 b, c) with onset τo and decay time τd of roughly 4 ps, which we
expect to be limited by the time resolution of our streak camera. The preferred radiative recombination channel
appears to be related to defect states having an order of magnitude higher onset τo = 60 ps as well as decay times
τd,1 = 80 ps and τd,2 = 415 ps. These time constants match the late absorption recovery that is observed in the
time-resolved ellipsometry experiment. The excited electron population seems to be not yet fully recombined
after 2 ns, corresponding to the time scale for vanished band bending observed in the time-resolved spectroscopic
ellipsometry data.
The X-ray data (Fig. S10) confirm c-plane orientation of the thin film and show the response of the amorphous
substrate. The FWHM of the ZnO (002) rocking curve is larger compared to other PLD-grown ZnO thin films
[S3]. The grain size is estimated to be on the order of the film thickness using the Scherrer formula.
Figure S9: a Time-resolved photoluminescence measured by a streak camera. The dashed lines indicate the transients shown in
panel b, c. Blue (red) lines indicate an exponential model fit to obtain characteristic onset (decay) times.
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Figure S10: 2θ-ω scan of the 30 nm thick ZnO film on an SiO2 substrate. The inset shows the rocking curve of the ZnO (002)
peak.
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V. Optical transitions in ZnO
With the symmetry assignments of the bands according to [S4], the dipole-allowed transitions for the electric
field oriented perpendicular to the optic axis (E⊥c) in wurtzite ZnO (space group 186) are listed in table V;
cf. also [S5, 6]. Only relevant bands at high-symmetry points of the Brillouin zone are considered and Koster
notation of the irreducible representations is used. Transitions for E ‖ c are only allowed between states of the
same symmetry representation.
direction point group dipole operator allowed transitions for E⊥c
symmetry representation
Γ, ∆, A 6mm (C6v) Γ5 Γ1 ↔ Γ5, Γ2 ↔ Γ5
Γ3 ↔ Γ6, Γ5 ↔ Γ6
P, K, H 3mm (C3v) Γ3 Γ1 ↔ Γ3, Γ2 ↔ Γ3
Γ3 ↔ Γ3
U, M, L 2mm (C2v) Γ3 Γ1 ↔ Γ3, Γ2 ↔ Γ4
For the reciprocal-space directions corresponding to monoclinic Cs/C1h symmetry (R, Σ as ..m, and S, T
as .m.), where the c-direction of the crystal is parallel to the respective mirror planes, the assignment of band
symmetries and transitions is generally more complex. The dipole operator would transform generally like Γ1,
in some cases like Γ3.
VI. Charge carrier density
Assuming linear absorption, the density N of photo-excited electron-hole pairs in the film can be estimated as
N ≈ Epulseλpump
hc0
(1−R)
[
1− exp
(
−αfilmdfilm
cos(θfilm)
)][
cos(θpump)
(dpump/2)2pi
cos(θfilm)
dfilm
]
with
quantity meaning
Epulse = 1 µJ pump pulse energy
λpump = 266 nm pump photon wavelength
dpump = 400 µm pump spot diameter
θpump = 40
◦ pump incidence angle
θfilm = 19
◦ pump angle in the film (with refr. index n ≈ 2)
dfilm = 30 nm ZnO film thickness
αfilm = (50 nm)
−1 ZnO absorption coefficient
R = 0.2 surface reflectance
This formula accounts for reflectance losses and an effectively enlarged pump spot as well as film thickness
at oblique incidence. It does not account for reflectance from the film-substrate interface which increases the
absorption (in fact, here it would increase the intensity available for absorption by about 1%). With the
experimental parameters above, the effective energy density of the pump was about 500 µJ/cm2, already taking
into account 20% reflection losses. With a penetration depth of 50 nm in ZnO, roughly 45% of the pump power
is absorbed in the film. The substrate is transparent for light of 266 nm wavelength. Furthermore, only about
87% of the entire pulse energy are contained within the 1/e2 area which defines dpump. However, the latter is
compensated by the non-even beam profile as we probe only the central 200µm of the 400 µm diameter of the
excited area. With the numbers above given, one arrives at N ≈ 9.75× 1019 cm−3.
It should be noted that we assume linear absorption. In fact, absorption bleaching of the material can also take
place at the laser energy if the corresponding initial and final states are already empty or filled, respectively. This
effect can only matter if the excitation pulse is sufficiently short so that carrier scattering cannot compensate for
the bleaching during the time of the excitation pulse. In other words, there is a limit for the highest achievable
density of excited electron-hole pairs for ultrashort laser pulses. Even with higher pump power, parts of that
laser pulse would not be absorbed. This could be an explanation why the excitonic absorption peaks do not
completely vanish, meaning the excitation density is overestimated. However, the estimated number of excited
electron-hole pairs in the experiment here seems to be consistent with other works, using different pulsed laser
sources. Finally, there are preliminary indications that shorter laser pulses in the order of 20 fs instead of 35 fs
induce less IVB absorption. This hints at absorption bleaching.
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VII. Charge carrier statistics
Upon optical pumping with a 266 nm (Epump = 4.66 eV) laser pulse, the excited electrons and holes obtain
different amounts of excess energy, related to their effective masses (parabolic band approximation) [S7]:
∆Ee =
Epump − Egap
1 +me/mh
∆Eh =
Epump − Egap
1 +mh/me
With a bandgap energy of Egap ≈ 3.4 eV, electron effective mass me = 0.24m0 [S8] and hole effective mass
mh = 0.59m0 [S9] (m0 being the free electron mass), it follows ∆Ee ≈ 0.90 eV and ∆Eh ≈ 0.36 eV.
Assuming the free-electron/hole gas as an ideal gas, an average kinetic energy corresponding to the excess
energy ∆Ee/h is related to an effective temperature Te/h by
∆Ee/h =
3
2
kBTe/h
with Boltzmann factor kB. From this, we can estimate initial effective temperatures for the charge carriers as
Te ≈ 7000 K and Th ≈ 2800 K.
While the effective charge-carrier temperatures express directly the average excess energy of excited electrons
and holes, their density Ne = Nh is given as [S10]:
Ne = NC
2
pi
F1/2
(
EeF − EC
kBTe
)
Nh = NV
2
pi
F1/2
(
EV − EhF
kBTh
)
with the Fermi-Dirac integral F1/2. EC/V are the energies of the conduction-band minimum and valence-band
maximum, respectively. The effective densities of states (DOS) at the conduction band minimum and valence
band maximum are, respectively
NC = 2
(
mekBTe
2pi~2
)3/2
NV = 2
(
mhkBTh
2pi~2
)3/2
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Figure S11: Quasi Fermi-energies and distributions at high charge-carrier temperature: a: quasi Fermi-energies for
electrons (black) and holes (red) depending on the carrier temperature for a fixed carrier density of 1020 cm−3. Lines represent
theoretical results which are computed by evaluating the Fermi integral for electrons and holes using the ground-state density of
states (DOS) computed within density functional theory (see b). Symbols represent the evaluation as discussed in the text here
with assumed non-parabolicity effect. b: First-principles numeric DOS (blue) and Fermi-Dirac distribution functions (red/black
solid lines) for the situation with Te = 7000 K and Th = 2800 K. Dashed lines highlight the quasi Fermi-energies.
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It can be estimated that NC(Te ≈ 7000K) ≈ 3.3 · 1020 cm−3 and NV(Th ≈ 2800K) ≈ 3.2 · 1020 cm−3 for the
estimated carrier temperatures 1. However, it should be noted that the temperature dependence of those
effective DOS’s results only from a substitution of the integrating variable from E to E/kBTe/h when expressing
Ne/h =
∫
DOS(E)/(1 + e(E−E
e/h
F )/kBTe/h) dE through F1/2 as above. When estimating quasi Fermi-energies
2
E
e/h
F for the hot charge carriers, it is important to understand both, their dependence on carrier density
and temperature. Zero-temperature approximations do not hold. At a given temperature, a higher carrier
density will clearly shift the quasi Fermi-energies towards/into the respective bands, i.e. EeF increases and E
h
F
decreases. However, the effect of high temperatures (at a given carrier density) is more sophisticated: Evaluating
the Fermi-Dirac integral with constant prefactors NC/V shows that the quasi Fermi-energies would shift further
towards/into the bands if the effective temperatures are higher. On the other hand the temperature dependence
of NC/V yields exactly the opposite and is even more dominant. Thus, in total, despite the high density of charge
carriers, the quasi Fermi-energies are pushed into the bandgap due to the high carrier temperatures. Fitting
the Fermi-Dirac integral to the initial density Ne/h ≈ 1020 cm−3 results in estimates on the order of EeF−EC ≈
-660 meV and EV −EhF ≈ -260 meV for the above-obtained effective temperatures. This means that both quasi
Fermi-energies are within the bandgap, which is consistent with the numerical first-principles computations, see
Fig. S11. Compared with the intrinsic Fermi energy EF which is typically close the conduction-band minimum
due to intrinsic free electrons, EeF is shifted even further into the bandgap.
It should be noted that those estimates rely on parabolic approximations. The non-parabolicity of the
bands yields another strong increase of the DOS through increasing effective masses for energies far from the
minimum of the conduction and maximum of the valence band. A doubled effective mass causes the distances
of the quasi Fermi-levels to the valence/conduction band maximum/minimum to increase to roughly twice the
calculated values. For the conduction band with the obtained carrier temperature Te we can estimate from a
non-parabolicity parameter on the order of 0.4 eV−1 [S11] that EeF−EC should be in the order of 1 eV below the
conduction band minimum [S12]. Assuming a similar non-parabolicity for the valence band results consequently
in EV − EhF ≈ −300 meV.
VIII. Comparison of the experimental dielectric function of excited ZnO
with theoretical approaches
VIII.I. First-principles simulations of excited electron-hole pairs at finite temperature
Complementary to Fig. 4d of the main text, Fig. S12 shows the computed imaginary part of the DFs and, again,
their differences between highly excited and unexcited state, along with experimentally obtained data. In the
unexcited case (solid line and filled symbols in panel b), the discrepancy between model and experimental data
arises mainly from the fact that the exciton absorption of the ZnO film is smeared out due to the surface pinning
of the Fermi level. Hence, the computed DF overestimates the excitonic absorption of our film. In the excited
case (dashed line and open symbols), the exciton absorption does not fully disappear although that would be
expected from the computation. Furthermore, the theoretical model does not describe the EPC that we see in
the experimental data. As discussed in the main text, contributions from phonon-assisted processes might also
be the reason why the computed IVB is much smaller than the the experimentally observed one.
VIII.II. Existing models for highly excited ZnO and comparison to conventional
transient spectroscopy
In comparison to ellipsometry, conventional reflectance and transmittance measurements lack any phase infor-
mation of the electromagnetic waves interacting with the sample. This is usually compensated for by before-hand
assumptions on the physical processes that, however, can lead to incorrect conclusions. Reflectance and trans-
mittance spectra can be reconstructed from the knowledge of the DF. We generate reflectance spectra based
on the DF obtained by time-resolved spectroscopic ellipsometry and compare them to theoretical values of
Versteegh et al. [S13] which were refined by Wille et al. [S14]. The underlying DF of Wille et al. allows
to explain gain and lasing mechanisms in ZnO micro- and nanowires [S15]. Both theoretical approaches are
based on a solution of the Bethe-Salpeter equation [S16] for a simplified ZnO-like bulk system. The reflectance
spectra are exemplary for various different pump-probe reflectance studies on ZnO [S17, 18, 19, 20]. Symbols in
Fig. S13 show the DF as obtained in this work at selected pump-probe time delays; lines represent theoretical
curves according to Wille et al. for various carrier densities. Both studies find a decrease in the real and the
imaginary part of the DF with increasing carrier density. The model of Wille et al. is about 100 meV blueshifted
1At room temperature, NC ≈ 3 · 1018 cm−3 and NV ≈ 1 · 1019 cm−3
2The term Fermi energy or Fermi level is used in consistency with most literature on semiconductors. However, precisely spoken,
we refer actually to the chemical potential and note that Fermi energy is the limit of the chemical potential at zero temperature.
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Figure S12: Obtained versus computed ε2 for high carrier excitation: a: Experimental and computed difference of the
imaginary part ε2 of the DF for excited vs. non-excited ZnO. Symbols represent the difference from experimental data at -10 ps
and 200 fs, lines the computed difference when assuming no or 1020 cm−3 excited charge carriers with effective temperatures of
2800 K for holes and 7000 K for electrons. The inset shows a zoom into the IVB absorption range. b: Related ε2 spectra.
and predicts ε2 < 0 which can lead to optical gain and lasing. This is not observed in our experiment due to
the reflection geometry. Optical gain can only occur due stimulated emission which produces photons of equal
wavevector (magnitude and direction). So-called gain spectroscopy has only been reported in transmission ge-
ometry. Furthermore, it is seen that the theoretical curve of Wille et al. is not able to explain the features
related to exciton-phonon complexes at 3.4 eV since electron-phonon interaction is neglected in the model. In
the spectral range far below the band gap which is not covered by Wille et al., we find increased absorption
which is related to the IVB absorption.
The relative difference spectra of reflectance (panel b in Fig. S13) and transmittance (panel c) and are com-
puted for a structure consisting of 30 nm c-plane oriented ZnO on a fused SiO2 substrate which is equivalent
to the sample studied in this work. Reflection from the substrate backside is ignored. Changes around the
absorption edge of ZnO are on the same order of magnitude for both, using the DF from theoretical model
(lines) and applying the DF obtained in this work. Surprisingly, in the spectral range of the IVB aborption the
transmittance is increased although absorption appears. It is clear that the increased transmittance is related
to decreased reflectance caused by the decrease in ε1 and hence refractive index. This is in accordance with the
Kramers-Kronig relations and is related to both, the occurring IVB absorption as well as the absorption bleach-
ing at the absorption edge. We would like to emphasize here that interpretation of the conventional reflectance
or transmittance changes can lead to erroneous conclusions about their physical origin because effects caused
by changes in the real and imaginary part of the DF cannot be separated. Assuming a non-varying refractive
index is insufficient and retrieval by exploiting the Kramers-Kronig relations is usually hampered by the limited
spectral range.
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Figure S13: Obtained DF vs. DF model and conventional spectroscopy: a: DF of highly excited ZnO. Symbols represent
the spectra obtained in this work at three different delays after photo-excitation. Lines (only for higher photon energies around
the band edge) show the expected spectra according to the model of Wille et al. for three different charge-carrier densities. b:
Computed transient reflectance and c: transmittance difference spectra at normal incidence for a 30 nm thin ZnO film on fused
silica substrate according to the DF’s in a. Note that although IVB absorption sets in, transmittance at lower energies increases
upon pumping while reflectance decreases. This is caused by the lowered refractive index.
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